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ABSTRACT: Coordination polymers with large surface areas and uniform  n_pg pg Ay, Ag

but tunable cavities have attracted extensive attention because of their unique "

properties and potential applications in numerous fields. The introduction of o -\,

noble metal into coordination polymers, which may enhance or display new 1
MHCF

MnHCF
&NaBH,

behaviors beyond their parent counterparts, presents great challenges in

M=Mn, Co, Ni
maintaining the fragile coordination structures and meeting the compatibility.

Here, cyano-bridged coordination polymers are robust and show very nice X

compatibilities with a series of noble metals, such as Pd, Pt, Au, Ag. Those Y
noble elements partially take the place of the transition metal ions under

room temperature (for Au and Ag) or a mild hydrothermal environment (for 7

Pd and Pt) without damaging the framework. By using this universal simple Fe V e

synthetic procedure, we prepared a series of noble metal containing metal

hexacyanoferrate (MHCF) with various morphologies and structures,

including Pd/Pt/Ag/Au-MnHCEF, Pd/Pt/Ag/Au-CoHCF, and Pd/Pt/Ag/Au-NiHCF. Among them, Pd-MnHCF demonstrates
the control of morphologies by adjusting operational details, and notably, it shows very unique, enhanced catalytic performance,
reflecting the superiority of cyano-connected positive-valent Pd as a single-atom catalyst.
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H INTRODUCTION the rarity and high market price, not surprisingly, efforts to
maximize the noble metal efliciency are of increasing interest.
Recently, introducing positive-valent noble elements into
MOFs through coordinate bonds have received intensive
attention for the possibility to bridge the gap between
homogeneous and heterogeneous catalysts and the intriguing
single-atom catalytic performance. A gold-containing MOF,
IRMOF-3-Si-Au, with a gold(III) Schiff base complex that lines
the pore walls, was one of the noble-metal containing MOFs
prepared by a covalent postsynthetic methodology and was
reported to possess excellent activity and selectivity for alkene
cyclopropanation reactions.*® A Pd-containing MOF, with the
molecular formula [Pd(2-pymo),],, exhibited typical behaviors
of heterogeneous palladium catalysts in promoting the C—C

Coordination polymers with infinite network structures, which
are constructed from metal jons as connectors and ligands as
linkers, have been intensively studied and taken an important
position in porous-materials area.' > Coordination polymers
have crystalline structures and typically are characterized by
large internal surface areas, uniform but tunable cavities, and
tailorable chemistry.”>> These characteristics make them very
promising for a variety of applications, including gas storage,®”
chemical separation,® catalysis,*'™'* sensing,">'® and drug
delivery.'”*' By introducing precious metals into porous
coordination polymers, it also offers opportunities to develop
new type of materials that display enhanced (gas storage) or
new (catalytic, optical, and electrically conductive) behaviors in

comparison to the parent counterparts.zz_zg cross coupling, the aerobic oxidation, and the hydrogenation
As advanced performances could be achieved, there are many reactions.”” However, there are limitations that the above two
reports about the incorporation of noble metals into metal— frameworks may not necessarily match other noble elements,
organic frameworks (MOFs), mainly depending on two and the synthesis methods are a little complicated, particularly
different strategies: using MOFs as templates to generate for the covalent postsynthetic method. Moreover, their
nanoparticles within their cavities®* %33 or encapsulating stabilities in reducing environments, surely worse than
presynthesized nanoparticles in MOFs.*>">° Both the two
approaches are focused on zerovalent noble metals, however, Received: November 24, 2014
the utilization efficiency of precious metals are still low when Accepted: December 30, 2014
those multiatom aggregates are used for catalysis. Considering Published: December 30, 2014
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zerovalent noble metals, are yet unknown, after all, many
important catalytic reactions, such as some petroleum-related
processes, take place in highly reducing environments.

Here, we demonstrate that a series of noble metals including
Pd, Pt, Ag, and Au can be incorporated within crystals of readily
synthesized open framework Prussian-blue type coordination
polymers through a mild hydrothermal method or under room
temperature without disrupting the tunable, open structures.
Different from the noble-metal containing MOF prepared by
covalent postsynthetic method, in which the noble elements are
coordinated with functional groups grafted onto the linker,
here, in the Prussian-blue type coordination compounds, the
noble elements partially take the place of transition metal ions
and act as framework nodes.

As previously reported, manganese hexacyanoferrate
(MnHCF) using CN~ groups as linkers, transition metal Fe,
and Mn ions as metallic nodes is a typical Prussian-blue
analogue, showing us a general chemical formula A MnFe-
(CN)¢(H,0),.*® Unlike traditional shape-controlling meth-
ods,***™* here, through doping noble metals into MnHCEF,
different morphologies, including cubic nanocage, hollow
sphere, and also a local area cross-linked network, can be
obtained under different situations. Through repeated experi-
ments and careful analysis, we suggest the size of the parent
MnHCEF crystal nucleus may be responsible for those different
nanostructures. Although coordination polymers shows the
potential for a variety of applications, caged, hollow, or porous
coordination polymers offer a more promising approach for
meeting these performance goals because the hollow interior
diminishes the number of buried nonfunctional metal atoms,
and their uncommon geometry provides a pathway for tailoring
physical and chemical properties.42 As an example, Pd-MnHCF
shows us excellent single-atom catalytic activity on the
reduction of 4-nitrophenol by NaBH, and a very rare
pseudo-zero-order kinetic model, which can be attributed to
the peculiarity of cyano-connected Pd. Positive-valent noble
metal catalysts have commonly been underappreciated, for they
may get destroyed when used in highly reducing environ-
ments.**** However, the cyano-connected Pd shows us
excellent resistibility and stability in the strong reducing
NaBH, solution, which breaks up the monopoly of zerovalent
noble metals and puts forward the possibility of using high-
valent noble metal catalysts in highly reducing condition.

B RESULTS AND DISCUSSION

H,PdCl, was selected as the Pd source. Under mild
hydrothermal conditions, MnHCF was successful transformed
with H,PdCl, into innovative Pd containing manganese
hexacyanoferrate (marked as Pd-MnHCF). Inductively coupled
plasma mass spectrometry of digested samples (dissolved in
HNO;) found a Pd:Fe:Mn mole ratio of 1:7.65:8.51. Moreover,
the XP spectra confirm Pd** are connected with CN™ groups
(Figure S1), suggesting that Pd*" have taken the place of some
Fe ions. Powder X-ray diffraction (PXRD) shows Pd-MnHCF
has poorer crystallinity and smaller crystal size than its parent
MnHCF (Figure 1), implying that the introduced Pd can cause
tiny lattice distortion which limit the entirely replacement.
The as-prepared Pd-MnHCF cubic nanocages, hollow
spheres have uniform morphology and average size of about
500 nm, shell thickness of about 80 nm (Figure 2a—d); through
the close observation, all the structures are self-assembled by
numerous mesocrystals, which is particularly apparent for the
local area cross-linked network structure (Figure 2g and h), in
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Figure 1. X-ray diffraction studies on samples of MnHCFs and Pd-
MnHCFs. (A) As-prepared MnHCEF synthesized at room temperature.
(B) As-prepared Pd-MnHCF cubic nanocages. (C) As-prepared Pd-
MnHCF hollow spheres. (D) As-prepared Pd-MnHCF local area
cross-linked network structure. (E) MnHCF treated with hydro-
thermal reactor (MnHCF-2).

accordance with the XRD result. Although morphologies are
very different between the three samples, the mild synthesis
conditions in hydrothermal reactor are the same (80 °C, S h).
The only delicate difference lies in the “right time” of adding
H,PdCl,: cubic nanocages (Figure 2a and c) are obtained when
H,PdCl, is added after the mixed solution, manganese acetate
and K;Fe(CN)g, has been stirred at room temperature for 20
min, at which point the suspension is seriously turbid; when the
time is reduced to 10 min, the suspension is slightly turbid, and
hollow spheres can be obtained (Figure 2b,d); when we change
the order, adding H,PdCl, into K;Fe(CN)y solution before
manganese acetate, the local area cross-linked network structure
is finally obtained. In the first case, prior to adding Pd source,
MnHCFs have nucleated and grown up rapidly into mature
cubic nanocrystals. Relatively high temperature and pressure
accelerate Pd** diffusion into the open framework and trigger
an ion-exchange reaction between Fe** and Pd*" while
maintaining intrinsic framework structure. In contrast to
other synthesis procedures for hollow nanostructures that
involve corrosion induced by harsh oxidizing agents or applied
potential,**~*" the method described here proceeds through
self-dissolution in water, taking advantage of the increased
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Figure 2. (a) SEM image of Pd-MnHCF cubic nanocages. (b) SEM
image of Pd-MnHCF hollow spheres. (c) TEM image of Pd-MnHCF
cubic nanocages. (d) TEM image of Pd-MnHCF hollow spheres. (e)
HAADF-STEM image and EDX elemental mapping results for Pd-
MnHCEF hollow spheres, suggesting that Pd is homogeneously
distributed in Pd-MnHCF hollow spheres. (f) EDS line scanning
profiles of as-obtained Pd-MnHCF hollow sphere. (g) SEM image of
Pd-MnHCEF local area cross-linked network structure. (h) TEM image
of Pd-MnHCF local area cross-linked network structure. Scale bars in
parts a—d are 500 nm and in (g and h) are 200 nm.

solubility under higher temperature and higher acidity. Doping
with Pd initially happens at outermost layer of MnHCF, and
stabilizes the shell, as the reaction proceeds, the inner space of
MnHCF gradually disintegrates, forming hollow structure,
meanwhile the released MnHCF molecules or nanoclusters
migrate to the cube surfaces and are captured by PdClL*",
generating Pd-MnHCF mesocrystals that grow on the shell. At
last, there form the as-prepared cubic nanocages (as showed in
Figure 3a).

Samples at three representative stages (0, 2.5, and S h) were
examined by transmission electron microscopy (TEM) (Figure
S2b—d). The initial solid nanostructures gradually eroded into
hollow frames, and the bulk composition changed from
MnHCF to MnHCF/Pd-MnHCF coexistence and eventually
Pd-MnHCEF, as evidenced by XRD patterns (Figure S2a): All
three samples were face-centered cubic (fcc), and the three
main XRD peaks of the intermediate sample—(200), (220),
and (400)—split into two groups of subpeaks located near
those of MnHCF and Pd-MnHCF respectively; during the
evolution process, the peaks shifted toward higher angle
(decreased d spacing), implying that the nanostructures had
changed from MnHCF to Pd-MnHCEF.

In the second case, H,PdCl, is added at the point when
MnHCFs have already nucleated but do not have time to grow
up into enough size. After the outermost layer has been
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Figure 3. Schematic illustration of the evolution of the Pd-MnHCF
with different morphologies in three situations and the corresponding
TEM images of final samples. (a) In the first case, prior to the adding
of Pd source, MnHCFs have nucleated and grown up rapidly into
mature cubic nanocrystals. Pd-MnHCF cubic nanocages are finally
obtained. (b) In the second case, H,PdCl, is added at the point when
MnHCFs have already nucleated but do not have time to grow up into
enough size. Pd&-MnHCF hollow spheres are finally obtained. (c) In
the third case, Fe-CN-Pd molecules are first formed, and Mn*" ions are
added 10 min later. There finally formed the local area cross-linked
network structure. All the scale bars are 200 nm.

transformed into Pd-MnHCF, along with the disintegrating of
inner space, the shell layer is covered by layer upon layer of Pd-
MnHCF mesocrystals, as they are self-assembled following
principle of minimizing the surface energy,*® there eventually
form the hollow spheres (Figure 3b). Both EDS line scanning
profiles and mapping images (Figure 2e and f) demonstrate the
homogeneous distribution of Pd, Fe, and Mn.

In the third case, Fe-CN-Pd molecules are first formed at
room temperature, but no precipitates come into being even
after Mn®" has been added. However, in the following Mn*'-
rich hydrothermal environment, partial Fe ions are displaced by
Pd, and Mn get involved in the crystallization simultaneously.
Because of the lattice deformation caused by Pd doping, no
cubic structure forms, but those small mesocrystals tend to
oriented growth, connect with each other,46 and form the local
area cross-linked network structure (Figure 3c), similar to that
of NiHCF.***

X-ray diffraction studies on samples of MnHCF before and
after the hydrothermal treatment (80 °C, 5 h) without the
disturbance of Pd are helpful for understanding the phase
transition process (Figure 1A and E). Different from the as-
prepared MnHCF synthesized at room temperature, after
treatment in hydrothermal reactor, the new MnHCF (marked
as MnHCF-2) manifest an apparent lattice transition. X-ray
diffraction patterns for the as-made MnHCF (Figure 1A) shows
nine resolved peaks with d spacings of 6.09, 5.24, 3.70, 2.61,
2.34, 2.15, 1.85, 1.75, and 1.66 A. These peaks display d-value
ratios of \/3:1/4:1/8:1/16:1/20:1/24:1/32:1/36:1/40, which
are indexable as (111), (200), (220), (400), (420), (422),
(440), (600), and (620) reflections, respectively, in the face-
centered cubic structure (a = 10.48 A). After hydrothermal
treatment of the sample at 80 °C, those XRD peaks (Figure 1E)
are observed with decreased d spacings of 5.89, 5.12, 3.62, 2.56,
229, 209, 1.81, 170, and 1.62 A (ratios 1/3:1/4:1/8:
1/16:4/20:1/24:1/32:1/36:1/40), which also can be indexable
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as (111), (200), (220), (400), (420), (422), (440), (600), and
(620) reflections of the face-centered cubic structure, but the
lattice constant (a = 10.23 A) is obviously smaller.

As Pd get involved, the above phase transition process is
effectively prevented, as demonstrated by XRD results (Figure
1): All samples in the above three cases are face-centered cubic
(fcc), and the main XRD peaks for each sample—such as
(200), (220), and (400)—are located between those of as-
prepared MnHCF and MnHCEF-2; from the first case to the
third, the peaks shift toward higher angle (decreased d spacing),
which suggests that when MnHCFs have nucleated and grown
up rapidly into mature cubic nanocrystals (case one), the added
Pd penetrates into MnHCEF, taking the place of Fe, not only
does not disrupt the lattice but stabilizes it, leading to a lattice
structure similar to that of MnHCF (Figure 1A and B); when
MnHCFs have already nucleated but do not have time to
mature (case two), though Pd dopants do the best to stabilize,
there is larger lattice change (Figure 1C); and in case three, Pd-
MnHCEF-2 forms directly, showing similar lattice to MnHCEF-2
(Figure 1D and E).

The catalytic reduction of 4-nitrophenol (Nip) by NaBH, to
4-aminophenol was chosen as a model reaction to evaluate the
catalytic ability of the synthesized Pd-MnHCEF cubic nanocages,
and UV—vis spectroscopy was used to monitor its kinetics. The
complete catalytic reaction could be visually appreciated by the
color change of the solution: the reduction reaction did not
proceed without catalyst, as evidenced by a constant original
bright yellow, corresponding to an absorption peak at 400 nm;
when Pd-MnHCF catalyst was introduced, the solution rapidly
turned colorless, and the absorption at 400 nm quickly
decreased and absorption at 300 nm increased accordingly
(Figure 4a).

Interestingly, indicating pseudo-zero-order kinetics, the
absorbance intensity of the UV—vis spectroscopy changes
linearly with time (Figure 4b), different from almost all the
previously reported pseudo-first-order kinetic metal nano-
particle catalysts. Though the rate constants in different kinetic
models are very different, Pd-MnHCF’s superior performance
than the reported Pd nanoparticles with mean diameter at 2.85
nm still can be known by comgaring Pd consumptions and
corresponding reaction rates.’® Generally, the utilization
efficiency of noble-metal in conventional supported catalysts
is far less than satisfactory, for their way of beings are zerovalent
multiatom aggregates, from original bulk materials to fashion-
able nanoparticles and atomic clusters; even as small as 2 nm,
still about half the particle atoms are buried.>'~* Some of Pd-
MnHCF'’s excellent catalytic activity may be traceable to, unlike
conventional noble metal particles, the uniform distribution of
Pd atoms throughout the open framework structure, which
could offer numerous adsorption sites for other reactants, with
the result that nearly all the Pd atoms sufficiently get involved
in the catalytic process.

In addition to the unique pseudo-zero-order kinetics, we also
found some other unexpected interesting phenomena, which
may be helpful to speculate the catalytic reaction process.
Figure Sa depicted the time dependences of the absorption
peak of Nip at 400 nm under different catalyst consumptions; it
shows, against most reported catalytic reaction and the general
consensus, that the larger catalyst dosage not only does not
improve reaction rate, but decrease in trend: with the same
dosage of NaBH, and Nip, the reaction rate is larger at a
catalyst consumption of 50 pL, is moderate and almost the
same at 100, 150, 200 uL, and is smaller at 300 L. To further
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Figure 4. Catalytic performance. (a) UV—vis absorption spectra for
the reduction of Nip catalyzed by Pd-MnHCF cubic nanocages. (b)
Time dependence of the absorption of Nip at 400 nm. Pure MnHCF
shows no catalytic activity, while Pd-MnHCF shows excellent catalytic
activity, and very rare pseudo-zero-order kinetics. The dosages of Pd-
MnHCF, Nip, and NaBH, are 100, 50, and 200 uL, respectively.

investigate, using constant dosage of Nip and catalyst, we
observe the reaction rate increases with the larger NaBH,
consumption (Figure Sb); however, rate constants are neither
the fit of usual Langmuir—Hinshelwood (LH) model,*>*® nor
proportional to NaBH, dosage, they slightly shift from the
direct proportion line (the red dotted line): rate constant shift
upward at a NaBH, dosage of 400 uL, downward at 100 uL
(Figure Sc). Apparently, NaBH, plays a more eye-catching role
than the so-called catalyst in the process. Rather than the pure
Pd-MnHCF acting as catalyst, it is better to say the
combination of Pd-MnHCF and NaBH, activate the catalytic
reaction. In other words, Pd-MnHCF is first triggered by
NaBH,, then the activated catalyst stimulate the reduction of
Nip. As depicted in Figure Sa, for the constant dosages of
NaBH,, though catalyst dosage increases obviously (from 100
to 200 uL), the amount of active-sites in Pd-MnHCF keeps
constant, with the result that the reaction rates remain
unchanged. When Pd-MnHCEF is increased to 300 uL, the
total active-sites even decrease, for the increased dosage of Pd-
MnHCEF dilutes, and weakens the activating ability of NaBH,,
in accordance with, in Figure Sc, the lower rate constant below
the red dotted line under a condition of relative more Pd-
MnHCEF, but less NaBH,. When Pd-MnHCEF is decreased to 50
UL, some active sites are excessively activated, implying some
zerovalent Pd, which can be proved by the XPS results, are
irreversibly formed (Figure S3). With the combined action of
the active sites and zerovalent Pd, it showed an absorbance—
time curve between the zero-order and first-order kinetic
models and an improved reaction rate corresponding to, in
Figure Sc, the higher rate constant above the red dotted line
under a condition of relative less Pd-MnHCF but more NaBH,,.
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Figure S. Catalytic performance of Pd-MnHCF cubic nanocages. (a)
Time dependences of the absorption peak of Nip at 400 nm under
different catalyst consumptions. The dosage of Nip is SO uL, and
NaBH, is 200 yL. (b) Time dependences of the absorption peak of
Nip at 400 nm under different NaBH, consumptions. The dosage of
Nip is SO L, and Pd-MnHCF is 100 pL. (c) Dependence of the
kinetic constant on the NaBH, consumption, corresponding to part b.
The red dotted line is a direct proportion line which is based on the
assumption: when NaBH, consumption doubles, kinetic constant
doubles.

The above viewpoint is also reasonable in comprehending
the pseudo-zero-order kinetic model, namely reaction rate
keeps constant ignoring the gradually decreased reactant
concentration. Generally, in solution, Nips adsorb on Pd-
MnHCEF and then partially get desorbed into water, eventually
reaching equilibrium. In most cases (traditional using noble
metal particles as catalysts), active sites are relatively much
richer, so the adsorption rate is the rate-determining step, and
reaction rate seriously depends on the reactant concentration,
leading to pseudo-first-order kinetics.>>>>°% However, here, it is
reasonable to believe the adsorption of Nip is fast enough, for,
as depicted in Fi%ure S, commonly reported “induction time t;”
is almost unseen,”>*”* and Nips get reduced as soon as we add
in the catalyst, so rather than Nip concentration, but the
created, transient active-sites in Pd-MnHCF determine the
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reaction rate, resulting in the pseudozero-order kinetics.*®
Figure 6 describes the catalytic procedure of this reaction. After
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Figure 6. Catalytic outline for the reduction of 4-nitrophenol (Nip) by
NaBH, using Pd-MnHCF cubic nanocages as catalysts. As the
adsorption of Nip is much faster than its desorption, the number of
active-sites in Pd-MnHCF determined the reaction rate, resulting in
pseudo-zero-order kinetics. After completing the reaction, and being
dried in air, the chemical environment of Pd in the recycled catalyst
fully recovers, as the XPS result presented (in Figure S3).

completing the reaction, and being dried in air, the chemical
environment of Pd in the recycled catalyst fully recovers, as the
XPS result presented (Figure S3). It is worth noting that those
active-sites are not constant, at the moment Pd-MnHCFs get
an electron from NaBH,, they instantly give it to Nip, and
return to the original condition, the following active-sites may
be created elsewhere, repeating the process of their
predecessors.

Encouraged by the success of incorporating Pd into MnHCF
and controlling the formation of different morphologies and
nanostructrues, the doping strategy was extended to synthesize
Pt-MnHCF, Ag-MnHCF, Au-MnHCF, Pd-CoHCF, Pt-
CoHCF, Ag-CoHCF, Au-CoHCF, Pd-NiHCF, Pt-NiHCEF,
Ag-NiHCF, and Au-NiHCF, whose basic sizes and morphol-
ogies were also determined by their parent metal hexacyano-
ferrates. Similar to that of Pd-MnHCEF, the doping of Pt need to
be triggered by high temperature and stress in hydrothermal
environment. Moreover, cubic structure and sphere can also be
obtained by controlling the timing of adding Pt source, though
the hollow structures are not that obvious (Figure S$4b and d).
Even more convenient than the doping of Pd and Pt, the ion-
exchange reactions between Fe*" and Ag" or Au* can take place
at room temperature. With the relative high solubility of
MnHCF in water, which benefits the formation of hollow
structure in Pd-MnHCF, collecting completely cubic structure
of MnHCF seems impossible (Figure S2b). And the adding Ag
could act as the fixactive which record the growth of MnHCF
(Figure SS), by contrast, the adding of Au slightly stretched the
mesocrysitals (Figure S4g and h). X-ray diffraction studies on
samples of Ag-MnHCF and Au-MnHCF demonstrate that the
adding of Ag or Au alters the backbones of the framework
structure (Figure S6), while Pt, like Pd, just causes a slight
lattice distortion. Adding Ag creates a new phase (Figure S6),
and the new three strong peaks can be aligned to AgCN
(JCPDS 89-0927), indicating that silver tends to replace not
only Fe but also Mn. A very interesting phenomenon happens
by introducing Au into the framework: while the peaks aligned
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to (220), (420), (422), (440), and (620) face split into two
subpeaks, peaks aligned to (200), (400), and (600) remain
intact; it is also obvious for Au-CoHCF (Figure 7a). The most
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Figure 7. (a) XRD patterns of CoHCF and Au-CoHCF and (b)
sketch for lattice transformation from cubic system (blue) to
tetragonal system (orange). Similar to that of Au-MnHCEF, while the
peaks which can be aligned to (220), (420), (422), (440), and (620)
face split into two subpeaks, peaks aligned to (200), (400), and (600)
remain intact.

reasonable explanation is that Au disrupt the order of Fe and
Mn, from ordered Fe—C=N-—Mn to disordered (Fe,Mn,Au)—
C=N-—(Fe,Mn,Au), causing a reduced structural symmetry. A
smaller coaxial unit cell with tetragonal structure forms inside
the original cubic unit cell, creating some diffraction peaks
almost overlapped with that former cubic unit cell and some
new peaks alongside (Figure 7b).

Because the supersaturation in our experiments showed an
increase order of MnHCF< CoHCF< NiHCF, with the same
molality, the three displayed different critical particle sizes in
reverse order, in accordance with the equation: r, = 2Qy./
kTIn(1 + 6).>° Here y denotes the specific interfacial free
energy between the crystal and the mother phase; Q is the
volume of growth units; and o is supersaturation. As shown in
Figure 8 and Figure S7, noble-metal containing NiHCFs are
also much smaller than noble-metal containing CoHCFs, and
though noble metals do not changed the basic sizes and
morphologies of both CoHCF and NiHCF, there are some
small differences: as both Pd and Pt were introduced through
the hydrothermal treatment, the surface of Pd/Pt containing
NiHCF or CoHCF are not as smooth as that of Au/Ag
containing metal hexacyanoferrates; the morphologies of Au-
CoHCEF and Au-NiHCF are almost the same as that of CoHCF
and NiHCF; however, different from the other three noble

2093

Figure 8. Morphology and structure studies on samples of Pd/Pt/Au/
Ag-CoHCF and Pd/Pt/Au/Ag-NiHCF. (a) SEM image of as-prepared
Pd-CoHCF. (b) TEM image of as-prepared Pd-NiHCF. (c) SEM
image of as-prepared Pt-CoHCF. (d) TEM image of as-prepared Pt-
NiHCF. (e) SEM image of as-prepared Au-CoHCF. (f) TEM image of
as-prepared Au-NiHCF. (g) SEM image of as-prepared Ag-CoHCF.
(h) TEM image of as-prepared Ag-NiHCF. Scale bars in a, ¢, ¢, and g
are 200 nm, and in b, d, f, and h, they are 50 nm.

metals, Ag ions in the metel hexacyanoferrates seem to have
much stronger attractions between each other, for they tend to
aggregate and show higher contrast in the whole particles
(Figure 8g and h). Figure S9a shows the X-ray diffraction
patterns of Pd/Pt/Au/Ag-CoHCF and CoHCEF: in comparison
with CoHCF, Pd/Pt/Ag-CoHCF show the similar lattices with
slightly different lattice constants, while some diffraction peaks
of Au-CoHCF split like that of Au-MnHCF. Also the adding of
Au generates a smaller coaxial unit cell which has tetragonal
structure inside the former cubic CoHCF unit cell, and main
peaks are indexable (Figure 7a). Figure S9b shows the X-ray
diffraction patterns of Pd/Pt/Au/Ag-NiHCF and NiHCF: in
comparison with NiHCF, Pd/Pt/Au-NiHCF show the similar
lattices with slightly different lattice constants, while an extra
diffraction peak of Ag-NiHCF emerges, and it can be aligned to
the (110) face of AgCN (JCPDS 89-0927).

The above noble metal containing metal hexacyanoferrate are
supposed to play important roles in plentiful areas. Among
them, Pd-MnHCF has shown excellent, very unique catalytic
performance in the reduction of 4-nitrophenol and outstanding
resistibility and stability in the strong reducing NaBH, solution,
breaking up the monopoly of zerovalent noble metals. Also, our
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recent experiments implied the improved OER activity through
doping Pt into Co;[Co(CN)g],. Furthermore, Pd containing
metal hexacyanoferrate is also promising in hydrogen storage,
for the reported dehydrated Prussian-blue analogues have
showed high hydrogen st01'age,60’61 and experiments have
demonstrated that the adding of Pd into MOF can usually
enhance the gas adsorption property.”®>

B CONCLUSIONS

In summary, through careful experimental studies, we have
demonstrated that a variety of noble elements, including Pd, Pt,
Au, and Ag, can sneak deep into the preprepared metel
hexacyanoferrate and successfully take the place of some iron
ions through a solution-mediated reaction. The whole process
is operated through a mild hydrothermal method or under
room temperature without disrupting the tunable, open
framework structures. In addition to the good compatibility
of Prussian-blue type coordination polymers to access a series
of noble metals and the convenient, mild approach, various
aspects of nanostructure (e.g,, size, morphology, and hollow
structure formation) can be influenced by controlling critical
aspects of the metal hexacyanoferrates precursors. The diversity
in noble elements, and their uniform distribution throughout
the open framework structure, together with highly controllable
nanostructures will no doubt help to access a wide range of
high performances, especially in areas of highly stable single-
atom catalysis, gas storage. Along with introducing a series of
noble elements mentioned above, this doping strategy also
shows potential of bringing in a broad range of rare earth
elements, which may help to make efficient T1 and T2 contrast
agents for MRL
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